ALKALINE extraction of leptospires (Hindle and White, 1933-34) produced a lipopolysaccharide (LPS) antigen designated " F4 " (Faine, Adler and Palit, 1974 ) that sensitised sheep erythrocytes to haemagglutination (HA) by homologous rabbit antiserum, and was involved in the immune response in leptospirosis (Faine, Adler and Ruta, 1974) .
RESULTS

The serological response of rabbits inoculated with viable leptospires
The rabbit agglutinin and F4antibody responses to viable serovar pomona injected intravenously were compared with the responses to a similar dose injected intramuscularly with Freund's incomplete adjuvant ( fig. 1) . Of the two methods of immunisation, the intravenous produced the more rapid appearance of both types of antibody, and the intramuscular elicited the higher titres of F4 antibody; the two methods produced similar agglutinin titres
The IgM content and IgG content of sera from rabbits imunised as described above were examined by fractionation on sucrose density gradients. The results ( fig. 2) showed that both methods of immunisation produced similar agglutinin responses, although IgG agglutinin appeared later and persisted longer after intramuscular immunisation than after intravenous immunisation. However, the intravenous method elicited F4 antibodies that were exclusively in the IgM class, whereas the intramuscular method produced F4 antibodies in both the IgM class and the IgG class ( fig. 2) .
The serological response of rabbits inoculated with F4 antigen Antibody could not be detected in rabbits after either a single intravenous injection of 10 pg-5 mg of soluble F4 or three intravenous injections of 1.0 mg at weekly intervals, although it is known that the antigen adsorbed on erythrocytes is antigenic (Faine, Adler and Palitt, 1974) . However, agglutinating antibodies and F4 antibodies were produced as a result of the intradermal injection into 20 sites of a total of 1.2 mg of F4 antigen emulsified in Freund's complete adjuvant ( fig. 3) . The F4 antibodies were of a higher titre and persisted longer than the agglutinins, but both types of antibody were found solely in the IgM fraction.
Relationship between agglutinins and F4 antibodies
Erythrocytes sensitised with F4 antigen were able to absorb F4 antibodies but not agglutinins from antiserum against whole leptospires of serovar pomona. The results were the same, regardless of whether the antibodies were in the IgM or IgG class (table) . Absorption of similar antiserum with leptospires removed both agglutinin and F4 antibody. Absorption of F4 antiserum with either F4-sensitised erythrocytes or whole leptospires removed all F4 antibodies (table). Thus, 306 days after immunisation ( fig. 3 ), F4 antiserum with no agglutinating activity still contained antibodies that combined with, and were removed by, whole leptospires.
In order to confirm that non-agglutinating F4 antibodies are capable of combining with leptospires, a preparation of fixed leptospires was treated with undiluted F4 antiserum (agglutinin titre, 0; F4 antibody titre, 256) and then with fluorescein conjugated anti-rabbit globulin. The leptospires exhibited t The antibodies examined were in the IgG class.
The numbers in parenthesis indicate the intervals (days) between immunisation and the collection
Agglutinin and F4 antibody were measured by the microscopic agglutination test and passive of the serum. haemagglutination test respectively. strong fluorescence that was only slightly less intense than that observed with whole leptospire antiserum (agglutinin titre, 1024), and that was not seen with pre-immunisation serum.
In-vitro efect of F4 antiserum on leptospires Serovar pomona F4 antiserum with a high F4 antibody titre 306 days after immunisation ( fig. 3 ) did not immobilise homologous leptospires ; the tests were carried out with undiluted and diluted serum, with and without added fresh guinea-pig serum as a source of complement, and with incubation at 30" and 37°C for up to 8 h. F4 antiserum with agglutinating antibody, 38 days after immunisation ( fig. 3) , killed and immobilised homologous leptospires in the presence of complement. After 60 min, 92% of the cells in a suspension containing lo7 leptospires per ml were non-motile. Immobilisation did not occur in the absence of complement.
Passive protection of hamsters with rabbit antisera
The capacity of rabbit antisera to protect hamsters from acute infection with 4x1OS leptospires (serovar pomona) is shown in fig. 4 . The level of protective antibody closely paralleled the agglutinin titre. The relative amounts of IgM and IgG involved did not affect this finding. The protective role of F4 antibodies in serovar pumuna-F4 antiserum was tested in hamsters. Amounts of 0.2 ml of antiserum taken 8, 38, 56, 182, 306 and 367 days after immunisation ( fig. 3) did not protect hamsters from acute infection. Volumes of 0-4 ml of serum (agglutinin titre, 16; F4 antibody titre, 256) taken on days 38 and 56 protected, but 0.4-ml volumes of serum taken on days 8, 182, 306 and 367 did not; it should be noted that the F4 antibody titres in the non-protective sera taken on days 182 and 306 were similar to those in the protective sera taken on days 38 and 56. Thus, F4 antiserum protected hamsters from infection only if it contained agglutinin.
DISCUSSION
The immunoglobulin classes in which the F4 antibody lay depended on the method and route of immunisation and on the form in which the F4 antigen was presented. To evoke the production of IgGclass F4 antibodies it was necessary to present the antigen in a particulate form, with adjuvant. Soluble F4 antigen with adjuvant, or F4 as a component of whole leptospires without adjuvant, elicited only IgM-class F4 antibodies, as did intravenous injection of whole leptospires. However, intramuscular injection of antigen with adjuvant gave rise to both IgM-and IgG-class F4 antibodies.
Purified F4 antigen was not immunogenic when injected in soluble form without adjuvant. When injected intradermally with adjuvant it stimulated the production of F4 antibodies detectable by HA, and of low levels of agglutinins; both antibodies were confined to the IgM class. By contrast, injection of whole leptospires by any route always stimulated IgG agglutinins as well as IgM agglutinins. The F4 antibodies persisted for longer than the agglutinins (fig. 3) .
The existence of F4 antigen in an active and accessible form in whole leptospires was shown by absorption of F4 antiserum with whole leptospires. The F4 antibodies were removed although they did not agglutinate leptospires. The combination of non-agglutinating F4 antibodies with leptospires was confirmed by indirect fluorescent-antibody reactions.
F4 antiserum was not leptospiricidal in the presence of complement unless the antiserum contained agglutinins. The role of complement in the killing of leptospires by antiserum has long been a subject of controversy. Schuffner and Mochtar (1926-27) stated that antiserum " lysed " leptospires regardless of whether complement was present, but Lawrence (1955) failed to demonstrate true lysis of leptospires by immune serum and complement. Johnson and Muschel (1966) found that leptospires were immobilised by serum only in the presence of complement, and that immobilisation correlated well with the loss of viability as determined by standard culture methods. In the present study leptospires were killed, only in the presence of complement, by agglutinin but not by F4 antibody ; this effect resembled the complement-dependent immobilisation of leptospires by normal guinea-pig serum (Faine and Carter, 1968) .
The effects of F4 antibody on leptospires contrast with those of anti-LPS antibody on Gram-negative enteric bacteria. Antibody to the LPS of Enterobacteriaceae produces agglutination, and the LPS polysaccharide determinants are important in serological classification schemes. The vibriocidal antibodies of immune cholera sera are directed against the polysaccharide determinants of the LPS of Vibrio cholerae (Sim and Rowley, 1970) . In contrast, F4 antibody did not agglutinate leptospiral cells, although immunisation with F4 gave rise to a temporary low-level agglutinin response; it is possible that this was due to undetected antigenic impurities in the F4 preparation.
The capacity of immune rabbit serum to protect hamsters from acute infection with virulent homologous leptospires correlated well with the agglutinin titre. The differing results reported for other animals (Smith, 1937; Negi, Myers and Segre, 1971; Morsi, Shibley and Strother, 1973; Johnson, Bey and Auran, 1975) have been discussed elsewhere (Adler and Faine, 1978) .
After immunisation with F4 antigen, rabbit antiserum with high levels of F4 antibody as measured by HA, but no detectable agglutinin, failed to protect hamsters; antisera with comparable titres of agglutinin and F4 antibodies, from rabbits immunised with whole leptospires, protected hamsters ( fig. 4) . On the other hand, F4 antiserum protected hamsters only if it contained agglutinins; the titres suggested that agglutinins and not F4 antibodies were responsible. The lack of in-vitro antileptospiral activity of F4 antibody suggests a further difference between F4 antigen and bacterial LPS (Weidanz, Jackson and Landy, 1964;  Sim and Rowley, 1970; Diena et al., 1974) .
It is not clear whether the protection afforded by agglutinin results from the activity of the immobilising antibody and complement, as seen in vitro, or from another mechanism such as opsonisation, or from both (Adler and Faine, 1977) .
SUMMARY
The rabbit antibody response to leptospiral F4 antigen extracted from serovar pomona depended on the method of immunisation. Intravenous injection of whole leptospires stimulated F4 antibodies that were confined to the IgM class, but leptospires injected intramuscularly with adjuvant stimulated F4 antibodies in both the IgM and the IgG classes. Both methods of immunisation stimulated agglutinins in both the IgM and IgG classes. F4 antigen in soluble form was immunogenic when injected intradermally with adjuvant, but not when given alone. The F4 antibodies were distinct from the agglutinins in that they did not protect hamsters from acute infection with homologous leptospires, nor did they kill leptospires in vitro although they reacted with leptospires. The hamster-protective capacity of rabbit sera depended on the level of agglutinin.
